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ABSTRACT

The rapid expansion of distributed energy resources in the low voltage grid causes voltage limit violations,
especially in rural areas with little electric load. To solve this issue without costly grid reinforcement, one
approach is the use of smart devices such as line-voltage-regulators. However, the majority of these devices
carry out stepped voltage adjustments, which cause a negative effect on the dynamic voltage characteristic. For
this reason, this paper deals with a novel line-voltage-regulator and its power quality optimized control. The
novel setup enables a continuous voltage regulation in a robust way by using variable inductors. The control
design focuses on mitigating side-effects like harmonic distortion emission and increased grid impedance.
Finally, a laboratory analysis evaluates the novel line-voltage regulator in comparison to a stepped one with

regard to powerquality.
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INTRODUCTION

The rapid expansion of distributed energy resources
(DER)in the low voltage grid and the resulting reverse
power flow cause voltage limit violations [8,22].
especially in rural grids with little electricload. To keep
the voltage within the limits specified by EN50160 [1].
but not toslowdown this expansion. the low
voltagesnidneedstobeiinproved. Grid reinforcements can
be partly avoided using innovative devices, such as on-
load tap changers and line-voltage-regulators (LVR)
[18]. These devices control the line voltage directly
without changing the reactive power flow. The majority
of these devices carry out stepped voltage adjustments,
such as those presented in [6] and [16]. However, this
type of adjustments causes rapid voltage changes and
thus leadsto flicker effects [5]. Further negative effects
due to rapid voltase changes aremoto rbraking
acceleration. malfimctionofcontrolsystemsacting on the
voltage angle and impaimment of electronic equipment
[19]. Altematively. LVRs can be based on power
electronics to enable a continuous voltage adjustment
[3.4.7].  These devices «can be quite
powerfulasthevhaveahishcontrolspeedandcancompensat
evarious veltage issues. However, these devices usually
emit high frequency harmonics [7]. Furthermore, power
electronics have a relatively high failure rate [23].
Therefore, more maintenance and repairs have to
beexpected. whichleadstohishoperatingcosts.

variable in- ductors(VI) asanovel techniquefor
LVRs TheVlItechniquecanmerge a continuous voltage
adjusment with a robust, cost effective design by
avoiding power electronics. However, in a naive design
thedevice

increases the gnd impedance and emits harmonic
distortions. To mifi- gate these effects an improved
setup is constructed in laboratory [11]. Building on the
constructed setup, this paper focuses on a control ap-
proach that provides a power quality (PQ) optimized

operation. The control approach enablesa

continuousvoltagereculationandmiticates  the side

effects of the novel LVR. To identify a suitable
controller. adetailed model is constructed that considers
the nonlinear behavior ofthe setup. A laboratory
analysis validates the confrol system and eval- nates
remaining side effects with regard to PQ. Moreover, the
results are compared to a measured, stepped voltage-
regulation to illustrate the advantages of the
continuousvoltage-regulation.

All in all, this paper provides the setup and the
controller devel- opment for a novel, PQ optimized
LVR, which can be an effective ap- plication for the

WWW.ijera.com 67|Page



International Journal of Engineering Research and Application — www.ijera.com ISSN : 2248-9622

Vol. 9,Issue 5 (Series -V) May 2019, pp 67-76

distribution grid. The presented approaches for mod-
elling and controlling can be adapted for other
applications based on variable inductors as these
applications are typically characterized by anonlinear
behavior due to the changing inductance. The laboratory
analysis provides a detailed overview of the PQ effects
on the grid and canbe utilized to evaluate the use of an
LVR for a specific grid section with voltage limit
violations.

1. Setup andfunctionality
To understand the general concept of an LVR

based on VIs, oneneeds to consider first its elementary
structure. An LVR based on Vs is composed of a series
transformer, whose primary winding is part of an
inductive voltage divider, and a VI, which forms the
second part of the
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Fig. 1. Elementary design in voltage-reduction mode:
a) Single-phase cir-cuitb) Phasor diagrams for twoVI
control states.

reduced, which n- Creases the
voltageattheprimarywindingoftheseriestransformerand
its e[ ect on the output line voltage. Depending on the
transformer winding direction, voltage-boost mode or
voltage reduction mode can be selected_ Fig. 1a) shows a
simplified single-phase circuit in voltage- reduction
modethatcanbeusedtocompensateovervoltagescausedby
DER. Fig. 1b) shows the corresponding phasor diagrams
for two VI control states. The voltages by dilJerent
inductivities are depicted qualitatively. The presented
elementary design is similar to the design patented
in[21].

The elementary design has themain disadvantage of
increasing the grid impedance in the initial state if the VI
has a high inductance. This disadvantage results from
dimensioning the cross-branch to prevent a power flow
over the series transformer in this state. Because the
initial inductance wvalue of the VI must be chosen
accordingly high, the series transformeris almost in no-
load operation on the primary side. As a result, the
magnetizing reactance of the series transformer has a
high inductive impact on the grid impedance.

An increased grd impedance causes well-known
elects such as a reduction of the short-circuit current
and the interference immunity to PQ. Recent research
also shows that frequency dependent grid im- pedance
has a strong influence on harmonic stability of
converters [10,24].

To avoid the grid impedance increase, a significant
improvement is developed and published in [11].
According to  this, Fig  2shows the
improvedLVEdesion AsecondVI Vg, liscomectedinpar
alleltothe series transformer. By a maximal reduction of
the VIz, inductance, the series transformer is nearly

;]
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Fig 2 Single-phase circuit of the improved LVR
design [11].

h)

Fig. 3. VIdesign: ) Setup b) Magnetic fluxin
the core.

short-circuited. This reduction bypassesthe influence of
the transformer’s magnetizing reactance. To enable a
continuous LVR control, a combined control of Ve, and
Vg is re-
quired. Thecontroltaskistoensurethattheseriestransformerd
oesnot workin no-load operation. Yet, the impedance of
the cross-branch should be still suffcient to limit the
Cross-current Iito allow for com-
pactcomponentsandlessgridlosses. Section3discussesthisc
ombined control approach in more detail. As a result,
Vgg is an important tool
tooptimizetheinfluenceoftheLVRonPQ.

In addition to the elements described before, Fig.
2shows three switches. The switches §; and §; enable
switching from voltage-re- duction mode to voltage-boost
mode by commutating the series trans- former. The
switch Sgyp enables short-circuiting the series transformer
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to separate the influence of the LVR completely from
the grid. By closing Sgyyp. the LVR is tuned to standby
mode without any interrup- tion in the distribution
system. In this mode only the copper losses of the
secondary winding occur.

Next, the setup and functionality of the used VI
techniqueis con- sidered. In principle, a VI can be built
using a variety of techniques [12]. However, to enable a
continuous and robust control, the best choice is a
saturable reactor. In this technique. the core of an

inductoris driven into saturation bv an extra DC

winding. The saturation reduces the permeability of the
material. As a result, the inductance of the AC winding
decreases proportionally. In a naive design, the DC flux
only
generatesasatrationeffectinoneofthetwoAChalfwaves,
Thisleads to asymmetries in the AC signals.
Furthermore, an unwanted voltage transfer from the AC
to the DC winding occurs. To mitigate these ef-
fects.avardetvofdiDerentdesimnsexist[17].

The VIdesign utilized forthe LVR presented here is
patented in [9]and is illustrated in Fig. 3. This VI
consists of an AC and a DC winding that are wound on
two toroidal cores (Fig. 3a) ). The two windings and the
corresponding fluxes are orthogonal to each other (Fig.
3b}) ). Thus, the DC and AC windings are decoupled,
and the saturation a[Jects the AC signals symmetrically.

2. Combined controlapproach

In the following, a combined open-loop control of
Ve and Vig,p is developed to enable a PQ optimized
operation of the LVR. The com- bined control approach
considers the minimization of the additional grid
impedance while providing a continuous wvoltage
regulation. In addition, the approach takes into account
the reduction of power con- sumption, by limiting the
cross-current, and the mitigation of voltage
disturbances generated by the saturation effects in the
VlIs, For this purpose, characteristic maps are
determined with measurments. Each map takes into
account one characteristic quantity depending on the
control states of the VIs. Based on these maps, the best
control path is selected.

The characteristic quantities as voltage variaton AV,
cross-current J-and output voltage distortions THDy are
measured during normal grid operation. Thereby, the
voltage variation AJ corresponds to the difference
between Fppyz=and Vs pys. By short-circuiting the LVR
output, the characteristic quantity of the additional grid
impedance 7 vz zgls determined.

Fig. 4 a) - d) shows the charactenstic maps of the

LVR in voltage- reduction mode by an inductive line-
current. For voltage-boost mode, the maps are nearly

similar, only AF changes polarity.
To understand the LVR behavior depicted in these
maps, one needs

to remember that the voltage regulation of the LVR
works by varying the voltage dividerratio between VI
and the series transformer. A high DC control-current in
WVl reduces its inductance and leads to an increased
voltage variaion AV at the LVR. Vg, on the contrary,
by- passes the impact of the series transformer. As a
result, a high DC control-current in the Vg reduces the
LVR effects on the line.

Consequently, the initial operation point is achieved
by a control state of Ve at 0% (of Ine o) and Vg, at
100%. At this point, the LVR has nearly no effect on
the line, and the variation of the output voltage is nearly
zero. In contrast, the control state of VI, at 100% and
Vg, at 0% causes the maximal voltage variation by the
LVR(see

F 4, Charactensemaps ncudin the et ontol yth for e ellowing vt quanide: ) Ot
voltage vanaton A7 = Ty Fyu)
dioul d mpeioce . ) Cross ument ) ot o istoion Ty

Fig. 4a) ).

For the control path, the control states of both Vs
around 0% have tobe avoided to minimize the impact of
the magnetizing reactance of
theseriestransformeronthegrid(seeFig 4b)) Inaddition the
control states of both VIs around 100% are prohibited to
limit the cross-current I{see Fig. 4c) ). For the
combined control approach, the aim is to avoid the top
20% of I~ Furthermore, the use of VI, can reduce
output voltage distortion THDw caused by the saturation
effects in the VI cores (see Fig. 4d) ). Again, the top
20% of THDv should beavoided.

Building on these constraints specified above, a
control path is gs- tablished and displayed in the
characteristics maps. For the DC control current, the
following functional relationship is obtained by a max-
imum control cumrent of 1 A

” “‘—.ﬁ'\..w"'l A forlA<h~ .ﬂl-qfiﬁ

3
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Due to the selected control path, the additional grid
impedance is lower than 0.04 O and the cross-current Jos,
limited to 15 A According to
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3. Modelling

In addition to the control path developed in the
previoussection aclosed-loop control is required to
regulate automatically theoumput voltageof the LVR
Toidentifyasuitablecontroller firstadetailedmodelisconstr
uctedthatconsidersthenonlinearbehaviorofthesetup.

The modelling is divided into three parts. First, the
LVR circuit and its mathematical relations are
determjned_ The AC impedances of the two VIs are

ot NENER
r_hnractenshcs oftha-DC mru:lmg, w}udnremt}deledmthamm

linear compeonents. The transfer behavior of the series
ransformerismodelled by using an ideal transformer. In
addition, a parallel im- pedance Zrepresents the
magnetizing reactance and the core losses of the series
transformer. For simplicity, its winding joule losses and
its leakage reactances’ are ignored since they have
negligible influence on the LVR behavior. Each VIis
represented by animpedance with a variable value. The
impedance is varied by the core saturation caused by the
DC flux. Since the DC currents generate this flux. the
impedance
valuescanbeexpressedasafunctionoftheDConmentasZe (7

Based on this equivalent circuit, (2)is obtained for the

mput voltage
V;accordmg to Kirchhoff’s laws:

SV V+V=%F+V+Z{Lk

ASPVIM&PCthCC m

wl,l;a,g;at)ﬂmﬂ.ud is also expressed by the cross-current
Icang the
variable impedance Zy (Joc).
e voltage at the series transformer depends on the
Input current
I
Aaswell as the cross-current zand can be calculated

according to the
SUPEMMOSINGN PIINCIPIE M (5 )

p= - =25 (Inc);lc—2p (Inc)-In

1 ocala 2 3)
required as parameters in the LVR circuit and are
modeled
inthesecondpartbvtheirdependencytothe DC currents TheD
C

P

The currents J.and J-generate two fluxes in opposite
directions in the core, Each flux wouldinject a di[Jerent
voltage, Ipeand Py, at the ransformer windings. The
total voltage results from to the super- position of these |
two voltages. Zp(Ipg) is the total impedance of Zg,
(Ipc) and Zy Tt is referred to the primary side. To
calculate the voltage drop caused by I, the impedance
An overview of the entire model is given in Fig. 9 in
Section 5.

LVRCHcutt

Fig. 5 shows the equivalent circuit of the LVR in
voltage reduction mode. In this circuit, the series
transformer and the VIs are modelled as

"'1. Fe=lig Vp In
- !

- Y 0
P .

[s]
il Zeitnc)= 717 palfne) 1
':' \-:J';.I #A l)
I
5 )|

ARy

needs to be referred to the secondary side. However, the

resulting voltage Fipamust be referred back to the

primary side to get the total voltage for this side.
Inserting (3) in (2) and converting to [ vields (4):

AL
B %:*Efnﬂ
4
The output voltage rcomesponds to (5)
T2 hila
=Zp(loc)-Ic 4.2 (o) Iyt Zeploc)-Le (5)
Substituting Jrwith (4) vields the required relation:
FZom 20 Hm
& 3
1
a ~*ZPUDCHZChEUDC) 1o
It follows from (6)that Fzcan be controlled by ‘ra.['}’lﬂg
the VI im-

peda_ucesHowever_therasnohnemdaﬁou.Addiﬁonaﬂy.
Jedepends on input voltage Fiand on inputcurrent Iy

The analogous procedure can be used to find the
system equation for the voltage boost mode resulting in
(7). The difference occurs be- cause Jhas reversed

polarity.
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For modelling the VIimpedances, a black box model
1s derived by measurements. The purpose is to model the
VIimpedances as a linear component, which depends on
the DC current.

It should be noted that modelling the VI impedances
with a linear component is a simplification. Due to
saturation effects in the VI core, the VI impedance
doesn’t behavelineary in every control state. Linearity
exists only in an unsaturated core in the initial state and
in a completely saturated core in the maximal reduction
state. For the LVR, this means that voltages and cumrents
in the cross-branch are distorted especially in the
medium operating range. Here, the third, fifth and
seventh harmonic occur in particular. However, the line
voltage is hardly distorted since only a fraction of the
distortions is added to the line voltage by the series
transformer. Since only the relation between the output
voltage Fpand the DC curmrent is important for the
control system design, it is acceptable to neglect the
distortions in the cross- branch and to describe the VI
impedances only with their total im- pedances. These
total impedances can be calculated by the BMS
quantities of measured voltages and currents.

on the combined control path from Section 3.
Meanwhile, the cross- branch woltages and
currentsaremeasured Forthemeasurement.the

A

Ll THE

(3)).
ased on these measurements, characternsoc curves
are determined

S ATCH 2fe Shown in Fig. 62) and

b). However, in
P P DC ZM
£ZBypl/DC)

The depicted curves are obtained by averaging three

dill erent mea- surement series that are smoothed with

spline interpolation.

arathecharactenisicomye

£

U Jth Roc  Loc loo)

Fig. 7. Equivalent circuit of the DC winding of

To model the impedances, the characteristic curves are
saved in
Egak-zug tablgfﬁi'lﬁleans of the measured copper losses R
Chk0.14Q, » ), the compleximpedance can be
provided for themodel.

VI Model: DCeircuit

Up to this point, the LVE model just represents the
gainandphaseshifibehaviorinsteadystate. Inthefollowing,t
hetimebehaviorisadded to the model. For that reason, the
inductivityofthe DCwindingisconsidered IntheVIdevices,
theDCwindinghasamuchhisherinductivity than the AC
winding due to a higher
numberofwindings Therefore thecharginganddischarging
timeoftheDCwindingsde-
terminesthetimeresponseoftheL VR However thetimeresp
onseisnotconstantduetothevariablepermeability. Thus, thel
nductanceofthe DC winding also depends on the DC
current itself.
BecausetheDCrircuitsoftheVIsareidentical thefollowing
modelisusedforboth VIs Fig. 7demonstratestheequivalentc
ircuitoftheDCwinding. Inthis
circuit Lpemodels theinductance and Rperepresents the
joule losses, which are 90 © according to measurements.
The circuit can be de- scribed with a differential
equation and after Laplace Transform the following
transfer function Ppeis obtained:
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[13] determines Zwith approximately j16 Q. The
common feature M curves is that they achieve
sam.ratton with 1 A.

}
p—

b)

Due to the dependency of Ipcto Joe. the numerical
solution of (8) is the most reasonable way for the model.
Additionally, for Lpc (Inc), a look-up table is generated.
For this purpose, stepresponses of [ycare measured for
different voltage intervals. Because a constant time re-
sponse is assumed in eachinterval, ime-constants T can
be established according to a first-order differential
equation. For this type of diJer- ential equation, t
corresponds to the time until the step response reaches

63.2% of its fimal value [14].
Exemplary. Fig 8a) shows the step response of
Incfor

OnEmea-
surement series. The point 5 - T is marked for each

response(99.3 % ofthe step response). Based on 1, the
inductance [pccan be calculatedfor

Fig. 8. Inductive behavior of the DC circuit

a) Step responsesof
Insb) Characteristic curve of the DC inductivity Lne.

Secilon Ve Camteal Systemt

Section IV: LVR Model
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Fig 9. Charactenstic control

system.
&ach nterval { according to{9 ).
IDC= e {l. ©
RDC e} )
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The choice of the interval size determines whether the
largesignalorthesmallsignalbehaviorismodelledmoreaccu
rately Acompromiseis attempted to model both
behaviors adequately by using measurement
serieswith5Vand 10Vintervals Basedonthreemeasuremen
tseries,a characteristic curve is determined for the look-
up table and is shownin Fig. 8b). As one can see in this
Figure, the DC inductance acts similarto
the ACimpedancesanddecreaseswithahicherDCourrentan
dreaches saturation at 1 A. With a decreasing inductance
from130Hto 10H thecharginganddischarginetim eisshorte
nedfromaround8stol.5s.

4. Control systemdesion

behavior in time and gain response. The objective is to
compensate these nonlineanties, resultng in a
continuous and linear voltage reg- ulation ulation. For this

purpose, a cascade-control system is de»eloped (see

Fe..9). Two identical inner-loop controllers (Cpe)
control the DC cur-
rents of the VIs and also compensate the nonlinear time

response. An outer-loop controller Cyyptracks the set
point, i.e. corrects disturbances, while compensating the
nonlinear gain response. To design suitable controllers,
desired closed-loop systems are defined for the inner-
loops and the outer-loop. These desired systems are
constrained by the fea- sible hardware range. Based on
these desired systems and the LVR model, the
controllers are computed.

For the two identical inner-loops, the desired time
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According to simulations, a ime-constant of 5 s achieves

good results andisusedfnrF LVR.

a IfE—"= “~“L¥Lh:LVEK

VR 5541 1 +CmPim (12)
To obtain the outer-loop controller Crygfrom (12),

first the new plant Prypneeds to be derved.

Pryrcombines the new time behavior,

whichischaracterizedbyA DC, andth e gainbehaviorky yasp

ecthedby the LVR circuit, which is depicted in Fig. 4a)

as the confrol path

overlay. Because regarding on (1), Ipcpgis fully

dependent on Jpe e and Krpypdepends only on Jnc o
Thus, the new plant Pyygis calculated as:

.l
PLVR(IDC, ChJ=KLVRUDC, Chid #

(13)
DC(s=KLVRUDC, Chk)
E&mdm(ll‘rand(lﬂﬂummbmmedasfoﬂo
CLVR (5. )= 1065k
IDC,Chk (14

5-KLVR(ID
responseis lim- ited by the highest charging / discharging
time of the DC circuits
DC 1.66

Overshooting the input signal Upewould decrease this
time, but this is not possible for discharging because the

input signal Uneis limited to

OVbvthecontrolhardware Forbothinner-

loops,adesiredclosed-loop systemisdefinedasafirst-
orderransferfmction A DCwiththe  time  constant tcof
1.66 s. This transfer function should be equal to the

Hisle——= <DL

DC 166511 1+CoePoc (10
Afterinserting (8Vin (10). the equationis )

C(L )_Lgc '_Ifgcl:'.f'f'

! Rpe
o= 166+ (11)

Accordingto (11). a PI controlleris obtained for Cpethat
changes its parameter Lp-analog to the plant Ppe. Dueto
this variable parameter, the nonlinear time behavior can
be compensated

deﬁned for dtmgmng the outer—loop contm]ler To
pIev preventinstabilities,

WWW.ijera.com

Again a PI controller is obtained for Cyypthat changes its
parameter K7 ypanalog to the plant Py ypand can therefore
compensate the non- linear gain behavior.

Fig. 9gives an overview of the control system
representing the controllers and the model approach
from the previous section.

The control system is validated in the simulation
environment MATLAB / Simulink. In the control
approach, the time response is chosen accordingly large
that theoretically there is no overshooting of the control
hardware limits. But, the simulation results show that the
control signals get still constraints by the hardware
limits if the error between the reference and the output
signal is large. The hardweare limits are set by the DC
current source wich supplies the DC circuit of the VIs,
The DC current source hasa range between 0-1 A at 0—
90 V. Due to this limits and the time response, the
controllers cannot com- pensate the nonlinear behavior
of the LVR model completelyv. Furthermore, a non-linear
behavier is visible, based on the simplifica- ions in the
VI modells of the AC impedance and
DClﬂdUCU‘vIH

%\\EQE_C_QILE[QI specd and COMmbpensanon oI non-lInearirw

be suffcient for the control task.
However, windup e[lects on the PI confrollers

occur when the
A S T L

[ETTTRr e TET T

unstable operajion_ To solve this issue, anti-windup
systems are im-

such an anti- ‘mndup system and demonstrates its
positive impact. The gain of the anti-windup system at
Cneis set to 0.1 and at Cpypit is set to 100.

Next, the controlleris validated in the laboratory with
the LVR setup. For the validation, step responses of
Vgare measured.

Fig 10 Steps of Viand responses of [5a) Dillerent step
sizes b) Dilerent startingvoltages.
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. . Table 1
Theoretically, the step responses should be a decaying e
exponential function, but due to nonlinearities, the
responses deviate as seen in_Fig. 10a). This especially
applies for stepslarger than 10 V. For 4.5 V- steps, the - PQ Parameteres for the analysed Voltage Sequenzes
control system acts nearly linear as seen in Fig. 10b). . (mean + standard de-
How- | viation)andrequirementsofstandard* ENS0160[1]. **EN
ever forthesesmallerstepstheresponseisalmosttwiceasfast - 61000-2-2[2].
asinthe simulation. These deviations are caused by the . Case VolagenY, THDwn% Ehcker P
simplifications during modelling. Evidently the DC o
: . m proves tobe
inductance Lpcis modeled too large for small steps. In e TS R T
further approaches, parameter adjustment can beat- Without LVE 2t [B) eSS 0 =idos e
. . Stepred LVR a4 (B) i =38 20 == 0ds 15
tempted to find a better compromise between the small- | Howal LVE 24 (8] il E e T
and large- signal behaviors. | Sandard i i e =1

Allin all, the control behavior is satisfving, as the :

mostnon- ' ' .
! This paper focuses on the issue of voltage rise due to

the feed-in of DER, i.e. the analysis considers the LVR
linearities are compensated. Moreover, the control system operation in voltage reduction mode. For the feed-in, the
suitableasthecontrolactsrobustwithacontroltimelessthan 1 power amplifier generates an active power signal with
0s,and as the control accuracy s lower than 1 V without different gradients of power change. The resulting line
overlslhoop'ng. Due to the anti-windup system, good current causes a voltage drop at the cable. As the voltage
stability is achieved even when the control range at bus bar (A) is kept constant by the external grid, the

lexceeded voltage at bus bar (B) in- creases.
Fig. 12 illustrates the single-phase power feed-in and
5. Power qualitvanalysis the resulting
voltagesatbusbar(B)orthedifferentsetups, Forthemeasured
The novel LVR with the developed control system is voltage sequences, the mean voltages with standard
evaluated re- garding to its influence on PQ. For this deviations are given in
purpose, the usage of thenovel LVR is compared to the Tablel Additionally thevoltagedistortion THDvandthesho
usage of a stepped LVR. Forreference, a setup without
any LVR is also measured.
For the PQ analysis. a test-grid is confisured in the rierm
laboratoryin- frastructure of the smart-grid-tec-lab at the Lvtemnal - Lrarormer L Jamoa LVR
ie’[20]. whichis depicted in Fig. 11. A power amplifier _ awa M T ___wm )
is connected via a 300m cable and a ransformer to the e — 1 I
external grid. Depending on the setup, an LVR technique (O« PO MO PICEIG  (OD+)
can be linked in series between the line and the power
am- plifier. Fig. 11_Configuration of the test grid_

—\ — flicker P, (weighted 10 min mean) are listed. For
— =t comparison, the re- spective requirements of the
standard are given last.

In the reference setup, the voltage signal at bus bar
(B) tracks the power signal. With the usage of an LVE,
the  wvoltage mnse at  bus bar (B)
shouldbecompensated ThesteppedLVR.canreducetheline
voltageby 10 V. It switches on at 236 V and switches
offat 225V with a delay of 10 s. With this mechanism,
the mean voltage decreases by 6 V forthe chosen feed-in
scenario. Nevertheless, the on-offcontrol of this LVR
amplifies the voltage fluctuations and emits additional

Fig.12. Single-phasepowerfeed-

inandtheresultingvoltagesofbusbar(B)for the @ng For this
dillerentsetups. scenario. theflickerevenexceededtherequiredvalueof1%.
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Thenovell VRadjuststheveoltageatbusbar(Binacontinu
ousway by tracking a set-point of 230 V. Due to the
slow control, rapid voltage variations initially result in
control deviations, which are gradually compensated.
However, gradients of 0.14 V/s can be completely com-
pensated. With a voltage rise above 250 V the control
range of the new LVR is exceeded, but still the voltage
is reduced with the maximum range of 20 V. As the
voltage follows a set-point, there are less wvoltage
fluctuations and the dynamic voltage characteristic is
improved. As aresult, themean voltage decreases about
8 V without amplifying the flicker value. The setup has
the highest THDy caused by the saturation effects in the
VIs. However, due to the optimized combined control
presented in Section 3 the THDy is lower than in
comparable LVR de- vices based on V1Is [11] and clearly
complies with therequirement.

WVia the grid impedance, the voltage interferences
expand primarily
tothesubordinatedfeedersection andthusthePQatbushar(A
Jisnot influenced by theLVRs.

CONCLUSION
This paper dealt with a novel LVR and its PQ optimized
regulation The novel LVR is distinguished by the use of
the VItechnique, which enables a robust and contimuous
control. Threeresults have been pro- vided in the course
of this paper.

First, a detailed model is presented, which considers
the nonlinear behavior of the novel LVR. In this paper,
the model is necessary for the control design. Besides
that, the model can be used later for dynamic
BMSsimulations However. itgotevidentthatthesionalbeha
viorofthe model doesnot completely match the LVR in
laboratory. In further approaches, parameter adjustment
can  be attempted to find a2  befter
compromisebetweenthesmall-andlarge-sienalbehaviors.

Second, the control approach for a PQ optimized
regulation has beenpiven. Basedontheopen-
loopcontrol sideeffectsaremitizgatedto an acceptable
level. This is achieved by specifying a combined control
for both VIs which avoids undesirable control states.
The additional closed-loop control proves to be robust
and suitable for the desired control task and compensates
mostof the nonlinearities.

Wwﬂhi\;d: the laboratory analysis evaluated remaining
side effects of the novel LVR with regard to PQ and the
results were compared to the usage of a stepped LVR.
According to the analvsis, both LVRs improve the static
voltage characteristic. While the stepped LVR amplifies
the voltage fluctuations and emits additional flicker, the
novel LVR does not generate such kind of interferences,
although there is still some harmonic distortion
emission. Thus, the deployment of a simpler stepped
LVE can be feasible in some situations, but it is
advisable to
chooseanL. VRwithlesssideeffectslikethenovel LVEpresen
tedinthis paper if the comesponding PQ parameters
requireit.

Conclusively, this paper provided the conditions for
the upcoming field testin a distribution system which is
the final part of the mLiNe project. Additionally, the
model provided in this work can be used to carrv on the
analysis of the novel LVR in different directions. For ex-
ample, it would be possible to examine the control of
voltage un- balances or the interoperability with other
voltage regulation equip- ment.
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